The response to a panel of steroids by the mineralocorticoid receptor (MR) from Amur sturgeon 17 and tropical gar, two basal ray-finned fish, expressed in HEK293 cells was investigated. 18
and gar. Companion studies with human MR and zebrafish MR found higher EC50s compared 23 to EC50s for sturgeon and gar MR, with EC50s for zebrafish MR closer to gar and sturgeon MR 24 than was human MR. For zebrafish MR, EC50s were between 75 pM and 740 pM; for human 25 MR, EC50s were between 65 pM and 2 nM. In addition to progesterone, spironolactone and 26 19nor-progesterone were agonists for all three fish MRs, in contrast to their antagonist activity for 27 human MR, which is hypothesized to involve serine-810 in human MR because all three steroids 28 are agonists for a mutant human Ser810Leu-MR. Paradoxically, sturgeon, gar and zebrafish MRs 29 contain a serine corresponding to serine-810 in human MR. Our data suggests alternative 30 mechanism(s) for progesterone, spironolactone and 19nor-progesterone as MR agonists in these 31 three ray-finned fishes and the need for caution in applying data for progesterone signaling in 32 zebrafish to human physiology. The mineralocorticoid receptor (MR) is a transcription factor that belongs to the 2 nuclear receptor family, a diverse group of transcription factors that also includes 3 receptors for androgens (AR), estrogens (ER), glucocorticoids (GR) and progestins (PR), 4 and other small lipophilic ligands, such as thyroid hormone and retinoids [1] [2] [3] [4] [5] . The 5 MR and GR are descended from a common corticosteroid receptor (CR), which are 6 present in lampreys and hagfish [5] [6] [7] . Several corticosteroids (Figure 1 ), including 7 aldosterone (Aldo), cortisol (F), 11-deoxycortisol (S), corticosterone (B) and 8 11-deoxycorticosterone (DOC), as well as progesterone (Prog), are transcriptional 9 activators of Atlantic sea lamprey CR and hagfish CR [6] . Among these steroids, Aldo, 10 the main physiological activator of the MR in human and other terrestrial vertebrates 11 [8] [9] [10] [11] , had the lowest half-maximal response (EC50) for transcriptional activation of 12 the CR. This strong response to Aldo is surprising because Aldo is not found in either 13 lamprey or hagfish serum [6] . S, which along with DOC is present in Atlantic sea 14 lamprey serum, has been found to have mineralocorticoid activity in lamprey [12, 13] . 15 Distinct MR and GR genes first appear in cartilaginous fishes (Chondrichthyes), 16 such as sharks, rays and skates [6, 14] . Carroll An important gap in our understanding of the evolution of selectivity of 33 ray-finned fish MRs for steroids is the absence of data on the MR in Chondrostei 34 (sturgeons, paddlefishes, reedfishes, bichirs) and Holostei (bowfins, gars), which 35 evolved before a fish-specific genome duplication occurred after the split of the 36 Acipenseriformes (sturgeons) and the Semionotiformes (gars) from the lineage leading 1 to teleost fish, but before the divergence of Osteoglossomorpha ( Figure 2 Aldo, the physiological ligand for terrestrial vertebrate MRs, is not found in fish [20] . F and 7 DOC have been proposed to be mineralocorticoids in teleosts [22, 25] . S is a ligand for 8 corticosteroid receptor in lamprey [12] . Progesterone is an antagonist for human MR [27]. 9 10 1
Figure 2. Phylogenetic relationship of sturgeon and gar MRs to other vertebrates. 2
To investigate the relationship of sturgeon and gar to other fish, we constructed a phylogenetic 3 tree of the steroid-binding domains on MRs in sturgeon, gar, selected teleosts, elasmobranchs 4 and tetrapods. The phylogenetic tree was constructed using the maximum likelihood with 5 JTT+G model with 1000 bootstrap replications, which are shown as percentages at the nodes of 6 the tree. 7 8 Our interest in the evolution of steroid hormone action [4, 5, 33, 34] prompted us to 9 investigate transcriptional activation of the MR from Amur sturgeon, Acipenser schrenckii, and 10 tropical gar, Atractosteus tropicus by a broad panel of corticosteroids (Aldo, F, B, DOC, S), Prog, 11 spiron and 19nor-progesterone (19norP), a steroid that has not previously been studied for 12 activation of fish MR. To gain further insight into the evolution of steroid specificity, we 13 compared our results with companion studies of zebrafish and human MRs. In agreement with 14 studies of teleost MRs, we find that Aldo and DOC have the lowest EC50 (highest activity) for 15 sturgeon and gar MRs. However, we also find that S, B, F, and Prog have low EC50s, 16 consistent with these steroids also having a physiological role as ligands for these MRs. Spiron 17 and 19norP also activated sturgeon and gar MRs. In comparison, zebrafish MR has a strong 18 response to Aldo and DOC and a good response to B, F, S Prog, spiron and 19norP, while human 19 MR has strong response to Aldo, DOC and B and a good response to F and S, and a weak 20 response to Prog and 19norP and no response to spiron. The weak response to Prog and 19norP 21 and absence of a response to spiron by human MR is in agreement with other studies [27, 35, 36] . 22
The strong response to 19norP, Prog and spiron of sturgeon, gar and zebrafish MR is perplexing 23 because the basis for the low response to to these steroids by human MR is thought to be due to 24 the presence of Ser-810 on α -helix 5 [27, 37, 38]. 19norP, Prog and spiron are agonists for 25 human MR with Ser810Leu mutation [27, 37, 38] . Sturgeon, gar and zebrafish MRs contain a 1 serine corresponding to serine-810 in human MR, suggesting the presence of an alternative 2 mechanism for these steroids acting as MR agonists in these three ray-finned fishes, as well as 3 the need to apply caution in interpreting data on Prog activity in zebrafish to human physiology. 4 5
MATERIALS AND METHODS 6
Animals and chemical reagents 7
Amur sturgeon and tropical gar were obtained as described previously [32] . All 8 experimental procedures involving live fish followed the policies and guidelines of the Hokkaido 9
University Animal Care and Use Committee. Aldosterone (Aldo) (CAS 52-39-1), 10 Human embryonic kidney 293 (HEK293) cells were used in the reporter gene assay. 10
Transfection and reporter assays were carried out as described previously [33] , except that we 11 used PEI-max as transfection reagent [ can be divided into four domains ( Figure 3 ). The overall amino acid identity between these two 28
MRs was 72%, with particularly high sequence identities for the DBD (100%) and LBD (89%) 29 Table 1 ). Both gar and sturgeon MRs 13 had similar low EC50s, which varied from 7.7 pM to 150 pM for these steroids. For each 14 steroid, the EC50s for gar MR were a little lower than for sturgeon MR. vertebrates, first appears in lungfish [45] . Nevertheless, Aldo is a potent activator of the 10 lamprey CR [6] , which is ancestral to the MR [5-7, 11]. Interestingly, F, DOC, B and S and 11
Prog also are transcriptional activators of the CR in lamprey and hagfish [6] , with only S, thus far, 12 found to have mineralocorticoid activity in lamprey [12, 13] Absent, until now, was information about the response to corticosteroids of MRs in 17 sturgeon and gar, two basal fish that fill in the gap between elasmobranchs and teleosts ( Figure 2) . 18
Here we report that sturgeon MR and gar MR have EC50s below 1 nM for Aldo, F, DOC, B, S 19 and Prog. Interestingly, we find that zebrafish MR also has a similar strong response to these 20 corticosteroids and Prog. Moreover, spiron and 19norP are agonists for sturgeon, gar and 21 zebrafish MRs. This low selectivity for 3-keto-steroids ( Figure 1 ) that can activate these fish 22
MRs resembles the response to these steroids by lamprey and hagfish CR [6] indicating that other mechanism(s) can lead to a strong response of sturgeon, gar and zebrafish 35 MR to Prog, 19norP and spiron. Activation by Prog of zebrafish MR is of concern because 36 zebrafish is an established model system for studying gene regulation in teleosts, as well as 1 providing insights into human physiology [47] . Prog activation of zebrafish MR may confound 2 data that focuses on activation of the PR. Prog may also be an agonist for the MR in medaka 3 and other teleosts that have a serine and alanine that correspond to Ser-810 and Ala-773 in 4 human MR. Jaillon, O., Aury, J. M., Brunet, F., Petit, J. L., Stange-Thomann, N., Mauceli, 28 E., Bouneau, L., Fischer, C., Ozouf-Costaz, C., Bernot, A., Nicaud, S., Jaffe, D., Fisher, 29 S., Lutfalla, G., Dossat, C., Segurens, B., Dasilva, C., Salanoubat, M., Levy, M., Boudet, 30 N., Castellano, S., Anthouard, V., Jubin, C., Castelli, V., Katinka, M., Vacherie, B., 31 Biemont, C., Skalli, Z., Cattolico, L., Poulain, J., De Berardinis, V., Cruaud, C., Duprat, 32 S., Brottier, P., Coutanceau, J. P., Gouzy, J., Parra, G., Lardier, G., Chapple, C., 
